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Abstract 
 
The thesis describes the synthetic strategies of two-dimensional -conjugated heavier group 10 
metal bis(dithiolene) complex nanosheets. I have demonstrated the synthetic problems for such 
system and the ways to overcome it in order to synthesize such multinuclear 2-D planar framework. 
In this study, interfacial synthesis of multi-layered films, control over redox potential of ligand, 
electro-catalytic properties of such films in hydrogen evolution reactions and conductivity were 
explored. 
Chapter 1 deals with the brief introduction of 2-D architectures. I have discussed the importance, 
classifications and recent developments in the field of 2-D material science. 
Chapter 2 deals with the synthetic strategies of the 2-D palladium bis(dithiolene) (PdDT) 
coordination nanosheets. The manipulation of the redox activity of the benzene hexathiol (BHT) 
ligand has been shown here by use of oxidizing agent. Pristine liquid-liquid interface was exploited 
for synthesis of thicker stacked coordination sheets; while going for thin layers of sheets, the gas-
liquid interface was used. The structure, composition was comprehensively identified by several 
microscopic and spectroscopic techniques. 
Chapter 3 investigates on the synthetic problems on formation of two-dimensional platinum 
bis(dithiolene) (PtDT) nanosheets. The synthetic strategies were modified and novel 
transmetallation techniques for multi-layer and few layer films were fabricated from the liquid-
liquid and the gas-liquid interfaces. The structure, composition, and properties are identified 
comprehensively using XPS, SEM, AFM, TEM and IR spectroscopy. 
Chapter 4 discusses in possibility of further extension of the metalladithiolene framework from 
group 10 to group 11 metals challenging synthetic difficulties for synthesis of gold nanosheet 
(AuDT). In addition, extensively XPS, TEM and AFM are used for characterization.  
Chapter 5 tries to cast some light in brief as a scope for use of such framework in different 
applications, precisely the conductivity and the electro-catalysis for hydrogen evolution reaction 
(HER) for group 10 metalladithiolene nanosheet are the prime objectives.    
Chapter 6 concludes on present study and remarks on the future prospects of such frameworks. 
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Chapter 1 
Introduction 
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1.1 Importance of Dimensionality 
In our daily life electronics has been an integral part of our survival. Day by day the devices we 
depend on are becoming smarter and smaller, rather in other words, the energies are now more 
precise. Device fabrication with such a precision is simply possible owing to the phenomenon of 
quantum confinement effects1 which deals with change in the quantum properties just depending 
on size of the chemical structure as a result the local behavior of electrons in the discrete energy 
level changes. Hence, modulation of physical properties of a bulk material can be single handed 
guided by the factor called dimensionality. The tuning of optics2 3 and the electronics4 has been a 
remarkable fit of achievement as per the continuous energy states limit to discreet bands; thereby 
resulting into precise use of band gap for device fabrication. 
The approach of defining the dimensionality has changed in due course by both theoreticians and 
experimentalists and has been proved to show unusual physical properties in the fields of 
electronics5, spinotronics6, optonics7, photonics8 9, etc. In better understanding as in Figure 1.1 for 
example, a 0-D can be thought as a single atom or a rather discrete group of caged molecules like 
fullerenes10 or non-caged cluster of atoms like QDs2,4,11 or nanoparticles; similarly, CNTs12 or 1-
D polymers13 14 can be classified as examples of the 1-D materials. On the other hand, graphene15,16 
being the first 2-D material has intrigued scientists for their unusual properties. 
 
Figure 1.1 Different chemical architectures defining dimensionality.17 
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1.2 Classification of 2-D Layered Materials  
Since the confinement of the bulk properties towards lower dimensionality has progressed much 
of its course, two-dimensional (2D) materials gained significant attention. After the discovery of 
graphene, interesting physical properties once predicted was seen to be existing, for example, 
Quantum Hall Effect (QHE)18,19, which intrigued scientists to research more about the 2-D 
materials. In fact, in the field of material science and nanoscience, the anisotropy20 sheer induces 
the variation in properties; in addition, the thickness (in nm scale) of such material improves the 
effect further. 2-D layered materials can be classified depending on its composition, synthetic 
procedure, application to be used for and etc. I would like to classify these layered materials by 
their composition in order to understand their electronics (dependent on different elements) and 
their applications (dependent on their energy distributions). Hence, 2-D materials can be 
categorized as follows: 1) single elemental 2-D layered material (example graphene comprising 
carbon), 2) inorganic 2-D layered material (example metal oxides, metal dichalcogenides, etc), 3) 
self-assembled 2-D layered material (metallic nanosheets), and 4) organic 2-D framework. 
 
1.2.1 Single Elemental 2-D Layered Material 
The first, of its kind, graphene, which is 2-D network of sp2 hybridized carbon in hexagonal lattice 
retaining the extended -conjugation by aromaticity and discovered in 2004 by Novoselov and 
Geim15, was found to be the wonder material.  With zero band gap21,22, it has a very high carrier 
mobility5 following the relativistic Dirac equation23 for electron transport and the observation of 
half integer Quantum Hall Effect (QHE)18 made the vintage theories come to life and its charge 
carriers are massless Dirac fermions23 proved to be the beginning of new era of 2-D networks. 
Unfortunately, of not having the bandgap in pristine graphene, sheet makes it harder for electronics 
as compared to silicon electronics. Although, band gap can be created and tuned by doping24,  
stacking of small molecules25, covalent bonding26,27 or even increasing the thickness of layers21 
which makes it usable in photonics8 and optoelectronics9. General approach for this kind of single 
elemental 2-D layered material is by top-down approach, yet nowadays bottom-up approach can 
be used like wet chemical synthesis28,29 for graphene and graphdiyne30. Graphene’s cousins like 
graphyne30,31, graphdiyne, graphone32, and graphane (CH)33 etc. have been predicted to be the list 
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of wonder materials, due to their band structure tuning compared to that of graphene, although few 
of them are yet to be synthesized. Thus, the research for a better 2-D material is essential for 
electronics. 
The other analogues of graphene have been the increasing research in the field of 2-D layered 
materials. Silicon imprints the sister graphene analogue called as silicene34–36. With buckled 
honeycomb lattice and Dirac band structure37,38, it is possible to influence the band gap, band 
structure and nano-electronics by external fields and interface interaction39. It has been predicted 
that the Quantum Spin Hall effect40–43, chiral superconductivity44, giant magnetoresistance45 can 
be seen in monolayer silicene. Similar to the silicene, germanium analogue named as germanene46 
has also been reported. Multilayer hydrogen terminated germanane47 (GeH), analogues to 
graphane structure, can be synthesized both by topochemical deintercalation of CaGe2 and 
mechanical exfoliation47. 
 
Figure 1.2.1 Structural differences among single elemental 2-D layered material15,46-48,53,54. 
Taking steps with silicon and germanium, phosphorus has emerged with its class of 2-D layered 
materials called as phosphorene or phosphane48,49. The puckered honeycomb structure of 
phosphorus bonded with other three adjacent phosphorus atom makes a 2-D network. The 
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monolayer acts as semiconductor and a direct band gap of ~2eV was observed with layered 
dependent high charge carrier mobility48 ranging to ~1000 cm2 V-1s-1 for 10nm thick layers. 
Transistor performance was seen in 7.5-nm thick layers with high order of drain current 
modulation in the order of 105 50. As for the other applications optoelectronics51, anode material 
for sodium ion batteries52 and layered dependent photo assisted oxidation20 and quantum 
confinement effects20 were also established for this class of 2-D material. Besides phosphorene, 
crystalline 2-D boron sheets named as borophene53 were very recently synthesized where it forms 
honeycombs of boron atoms with each hexagon capped with another boron atom forming an outer-
plane buckling unlike boron nitride (BN)s as in Figure 1.2.1. Along with it was also seen that 
unlike other allotropes, borophene is found to be metallic53.  
Moving forward from nonmetals like carbon, boron, phosphorus and metalloid like silicon and 
germanium, metals forming such network might be interesting as band structure is concerned. 
Recently, tin forming such networks called as stanene54 has been made successfully by epitaxial 
growth. The prediction of room temperature QHE with enhanced thermoelectricity55 and 
topological superconductivity56 increases the scope of research for the search of such kind 2-D 
layered materials. It is interesting to note that group 14 elements are the point of all interest because 
of their interesting valence shell configurations.  
 
1.2.2 Inorganic 2-D Layered Materials 
The top-down approach is substantially important for graphene, its analogue materials and for 
other kinds of robust inorganic layered materials as the search of the quantum properties is 
concerned. Boron nitrides57,58, transition metal dichalcogenides (TMDCs), transition metal oxides 
and hydroxides, perovskite oxide141 and transition metal nitriles, carbides or carbonitrides 
(MXenes) are the class of 2-D materials as in Figure 1.2.2 which are found to be having better 
properties than graphene due to the presence of direct bandgap for device fabrications. 
Monolayers of transition metal dichalcogenides, with direct gap located at K-point, are thin 
semiconducting layered materials of type MX2 (M= Bi, Mo, W; X=S, Se, Te)59–64 can be 
synthesized from exfoliation of bulk crystal (having indirect bandgap), chemical vapour deposition 
(CVD)60 and molecular beam epitaxy65. These are important as for transistors66 and 
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optoelectronics67 are concerned. The TMDCs having no inversion center, allowing new degrees of 
freedom of charge carriers such as k-valley index61; hence, as far valleytronics68 is concerned, this 
creates an interesting field of research in Physics. Further, strong spin-orbit splitting in monolayer 
leads to the building of spintronics devices. 
 
 
Figure 1.2.2 Different examples of inorganic 2-D layered materials66,70,76,141,142. 
On the other hand, transition metal oxides have been of much importance due to the catalysis69, 
photocatalysis70, electronics, photovoltaics70, dielectrics and bio medical applications70, although 
much of the metal oxides used are based on the titanium and manganese as the metal counter parts. 
Layered double hydroxides (LDH) of type [M2+1−x Al3+x(OH)2]x+ (M: Mg, Co, Ni, Zn)71,72 (0.2 ≤ 
x ≤ 0.33) have redox active magnetic properties70,142, while choice of metal (M) type would induce 
properties like photoluminescence in case of type [RE3+(OH)2.5 xH2O]0.5+ (RE: Nd, Sm, Eu, Gd, 
Tb, Dy, Ho, Er)73–75. Hydrophilic transition metal carbides (MXenes), like titanium carbides76–78, 
are promising for high volumetric capacitance77 and battery applications78. 
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1.2.3 Self Assembled 2-D layered material 
This class of materials can be considered similar to previous category as in section 1.2.1, 
containing one single entity or group of entities, yet differs in the fact that the repeating unit forms 
self-assembled nano-architectures by mere cluster of metals or group of molecules through H-
bonding79,80, van der Waals interaction or ionic interaction. Self-assembly81,82 of molecules like 
pyrene83 or terrylene-based dye80, forming a bi-component supramolecular network with 
melamine shows photo response80 intriguing possibilities in bottom-up fabrication of 
optoelectronic devices. It is interesting to build supramolecular surface confined pores of different 
sizes84, conductive assemblies guided by DNA-strands by H-bonding interactions85,86 and the host-
guest chemistry and its molecular dynamics with the guest molecule, in particular porphyrins81,87 
and its derivatives’ interacting with the substrate79 or guest molecule like heptamers of C6088 
trapped within the cavities as in Figure 1.2.3. 
 
Figure 1.2.3 Different examples of self-assembly81. 
The free-standing ultrathin metallic nanosheets have been the research interest for number of 
applications in magnetism89–91, catalysis92, surface plasmonics resonance (SPR)92 and as 
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theranostic agents93. The metals that have been fabricated to such nano assemblies are Rh94, Ru95, 
Pd92,96, Au97,98, Ag99, Fe100 and Cu101; even bimetallic systems like Pd@Ag102, Pd@Au93 or PtCu103 
are important to integrate tuning of SPR and improve photothermal stability. Being metallic and 
free coordination site, especially noble metal nanosheets are mostly useful for the catalysis; PtCu 
for ethanol hydrogenation, Rh for hydroformylation of 1-octene and hydrogenation of phenol94. 
The magnetic moments get enhanced from bulk crystal to single layers. The surfaces of single 
atom ferromagnetic layers’ example Fe100, have unsaturated coordination which directly leads to 
the improved spin and orbital moments. Hence integrating such ultrathin metallic films with other 
2D materials would result in better spin torque devices, spin polarizers or spin filters. 
 
1.2.4 Organic 2-D framework 
The organic 2-D frameworks or better known as the covalent organic framework (COFs) are the 
recent interest of robust class of covalent materials. In 2005, Yaghi and his co-workers first 
synthesized the porous organic crystalline 2D materials104. The joining of simple organic 
molecules to a framework by using simple organic reaction, like boronate anhydride104 or ester 
formation105, borosilicate formation106, nitrile cyclotrimerisation107, Schiff base formation108, 
hydrazone formation109, led to new journey of COFs. Besides polymerization, porosity, structural 
regularity and inducing functionality17,110 are the key factors for the development of such 
framework. The application side of the COFs can be broadly of three types: a) photo electric 
applications, b) gas storage, and c) catalysis.  
 
Figure 1.2.4 Different examples of COFs depending on their application17,110. 
Introduction of different moieties like pyrene111,143, phthalocyanines112–114, porphyrins115–117 
changed variety of photoconductive phenomenon in framework. As an example, TP-COF111 
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prepared by Jiang and co-workers is highly luminescent and harvests photons from ultraviolet to 
visible regions; in addition, it exhibits the p-type semiconductive111 characters due to the eclipsed 
arrangement of triphenylene and pyrene units. COF features a remarkably large surface area and 
can be used for both gas adsorption and catalysis. Similar to zeolites, hybrids COFs can be 
heterogenous catalyst118, although only two examples are known, performing Suzuki-Miyaura108, 
Sonogashira119, Heck or sequential one pot Heck-Sonogashira coupling reactions and 
enantioselective high-yielding Michael reactions120. On the other hand, gas adsorption17,110 such 
as hydrogen, methane, ammonia and carbon dioxide has been reported. 
 
1.3 Importance of Bottom-Up Approach 
Since 2004, exfoliation of the bulk crystals was the key way to produce different 2-D layered 
materials ranging from graphene to transition metal dichalcogenides. Due to usefulness of single 
layer for better performance and efficiency of fabricated device121, it is rather hard to produce large 
films of such kind. Instead building up from simple units is rather considerable approach for better 
quality and controlled growth for such minute single layered devices. It has been proved that 
chemical vapor deposition CVD generates better quality material than mechanically exfoliated 
films. CVD is one of the versatile techniques applied for bottom-up approach of many 2-D layered 
materials122. For the tuning of physical properties like the electrochemical and charge mobility123, 
n-doping in graphene can be one of the cheap solutions. There are reports of boron124, nitrogen125 
phosphorus126 doping in graphene. All of these hetero atom dopings are carried out simultaneously 
with CVD nanosheet preparation. Similar observation was also seen with transition metal 
dichalcogenides123. By using CVD technique, metal mixed chalcogenides122, MoS2/WS2 
heterostructures64 having ultrafast charge transfer have also been reported recently. 
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1.4 Coordination Nanosheet (CONASH) 
In the light of considerable impact of 2-D layered material, there is a possibility that the framework 
can be built like as COFs, but instead of simple organic reaction to join two organic molecules, 
coordination chemistry can be used to coordinate metal and ligand moiety. This is advantageous 
to improvise 2-D COF to 2-D metal organic framework (MOF), as it gives more opportunities of 
catalytic site while considering the other applications unchanged. There is a room of full 
opportunities that can be considered for tuning the characteristics of the 2-D MOFs. 
 
 
Figure 1.4.1 Different 2-D MOFs or coordination nanosheets (CONASHs)127-135, 138, 144. 
Comparing with other 2-D materials as described in previous sections, there is not much 
combinations except few metals and nonmetals but when we step into coordination nanosheets, 
we have whole range of coordination complexation including d-block and f-block metals with 
many combinations of p-block donor atoms. Moreover, this coordination happens easily at room 
temperature, hence higher elevated temperature as in case CVD may not be needed. Inducing 
functionality is easier through proper ligand design and metal choice. Dinca and co-workers have 
reported the nickel bis(hexaaminotriphennylene) complex nanosheets can electrochemically 
catalyze oxygen reduction reaction127 and has semiconducting nature128; while its copper analogue 
sheet has ability to chemiresistive sensing129,130 properties as well. The point to be noted here is 
the general procedure for synthesis of 2-D coordination polymer is via homogenous phase reaction 
containing both metal and ligand precursors. But Nishihara and coworkers showed interfacial 
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synthesis of 2-D polymers and explored interesting properties like change in oxidation states based 
on metal center of bis(terpyridine) Fe2+ or Co2+ complexes are functions of electrochromism131, 
while replacing terpyridine moiety with bis(dipyrrinato)zinc(II) motif shows photoelectric 
conversion phenomenon132. In another case, change in the oxidation state based in the ligand center 
of nickel bis(dithiolene) complex nanosheet is a function of conductivity133–135 up to 103 fold while 
changing from Ni to Co metal, efficient hydrogen evolution136 from water has been reported by 
Marinescu and coworkers. 
Interfacial reactions are more promising in order to make ordered structure. Polymers with large 
pores are often formed randomly in homogenous phase reactions resulting into an interpenetrated 
structure. For example, a layered planar polymeric structure might get interpenetrated with its own 
layers because of its large pore size forming 3-D structure and losses its planarity which might 
affect its physical properties thereby. Such an example is shown in Figure 1.4.2 b 137. But it has 
been reported about the mono layer formation by interfacial synthesis which proves more efficient 
over the homogenous phase reaction. 
 
Figure 1.4.2 One unit of the polymer (left); illustration of 1 and 2, each color represents a discrete 
2D net stacked polymer and the interpenetrated structure of the same unit by forming coordination 
(right)137. 
Band structure controls the general physical properties and in turn is a function of electron wave 
function of the distribution of atoms and molecules in the real space lattice which is directly guided 
by symmetry. Hence, symmetry is another important aspect of coordination complexation 
nanosheet. The symmetry of ligands and mode of coordination of metals play a vital role in 
defining the symmetry of the whole 2-D framework. For example, the symmetries of Cu-BHT138 
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complex nanosheet and nickel bis(dithiolene) complex nanosheet are completely different, in fact 
mode of coordination of Cu and Ni play a key role, although both the sheets diverge to a common 
ligand system. As a result of such difference in symmetry, the former shows a conductivity of 1580 
S cm-1 while the later has a 160 S cm-1. Hence, simple symmetry of ligand design and mode of 
coordination can alter intrinsic physical properties. 
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1.5 Aim of Research 
1.5.1 Background 
Different ligand systems have been the back bone of coordination chemistry with the vibrant 
support of the different metals of the Periodic table. Diamines, dithiols as non-innocent complexes 
and its wide class of derivatives have been known for their conductive properties. Previously, 
Kambe et al. synthesized nickel bis(dithiolene) complex 2-D layered nanosheet135 having kagome 
lattice by simple coordination polymerization of benzenehexathiol (BHT) ligand with Ni2+ ions. 
Later, Liu and coworkers theoretically predicted the single layer of aforementioned nanosheet to 
have topological insulator (TI)139 characteristics.  
 
Figure 1.5.1 Prediction of TI characteristics of nickel bis(dithiolene) nanosheet139. 
TI being the new state of matter has interested researcher due to their intrinsic property of 
conduction over the edges and not by bulk conductivity unlike normal conductors. The bulk band 
structure resembles as an insulator, yet the intrinsic phenomenon underlies that the symmetry 
protected surface states140 of such materials have a narrow gap and falls within the bulk gap. The 
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charge carriers are spin polarized i.e. the spin is locked at a right angle to their momentum (spin-
momentum locking) hence there is no back scattering. It was also formulated that spin-orbit 
coupling (SOC) plays a vital role for the spin polarization as heavier elements increase the spin-
orbit gap by splitting the topmost valence band so that SOC is strong enough to invert such 
insulating gap in case of TIs. Hence, building up such kind of 2-D coordinated layered material 
will be of much interest as for condensed matter physicists are concerned. 
 
1.5.2 Problem Formulation 
Taking a step further on replacing nickel by heavier metals of group 10 of nickel bis(dithiolene) 
the coordination complex nanosheet, it will be possible to increase SOC of the framework as the 
SOC increases down the group. Hence in my Ph.D. research, I focus at investigating on the 
synthetic strategies, electronic states and conductive behavior of heavier group 10 (Pd and Pt) 
metalladithiolene nanosheets due to the fact that heavier atoms have higher SOC. Additionally, it 
should be noted that their synthesis is highly challenging because the method to synthesize 
nickelladithiolene nanosheet by the reaction of Ni(II) ions and BHT cannot be simply applied 
because Pd(II) and Pt(II) system as they are easy to be reduced by thiols to their corresponding 
metallic state. 
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Chapter 2 
-Conjugated Palladium Bis(dithiolene)  
(PdDT) Coordination Nanosheets 
 
 
 
 
 
 
 
 
 
 
 
 
34 
 
2.1 Introduction 
Research in 2-D coordination nanosheet (CONASH), or rather organic nanosheet, is now 
intensifying due to its versatility in tuning its properties over the whole range of periodic table by 
different combination of metals and strategic design of ligands forming isostructural inorganic 
lattices in ambient temperatures but also with specific optical-electronic properties. Previously, 
coordination polymerization of benenehexathiol (BHT) ligand with Ni2+ ions resulted in infinite 
2-D layered multinucleated sheet1,2. Because of the increase in spin-orbit coupling (SOC), I 
attempt a step further by utilizing the noble metal palladium, (having higher SOC value than 
nickel), as a candidate for CONASH. Noble metals are known for their positive reduction 
potentials and remain a challenge of using them with non-innocent hexathiol ligand system3, for 
the fabrication of nanosheets. The use of interfacial reaction has proved to be useful for highly 
ordered, crystalline, layered material synthesis unlike the generation of amorphous material by 
monophasic reaction. In this work, I report the synthetic strategies and characterization of 
palladium bis(dithiolene) complex nanosheets (PdDT). 
 
 
Scheme 2. Schematic illustration of palladium bis(dithiolene) nanosheet (PdDT). 
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2.2 Liquid-Liquid Interfacial Synthesis of Palladium Bis(dithiolene) (PdDT) CONASH 
The pristine surface can be a mediating ground for reactions. We can exploit this kind of surfaces 
for the directional growth of the framework. In case of homogenous phase reaction, the framework 
will get intertwined as it lacks in directionality11. The framework being planar, the growth 
directionality should be directed in x-y plane only. Out of solid, liquid, and gaseous medium 
reactions, liquid and gaseous phase reactions are more fast and controlled reactions compared to 
solids. The layering of two almost immiscible pair of liquids makes certain measured common 
phase. To understand this, for example, for water and CH2Cl2 system, which forms an azeotrope 
mixture and solubility of CH2Cl2 in water being 17.5g/L at 25 ̊ C, when layered will always form 
a very thin layer where both water and CH2Cl2 are miscible and is fixed depending on the volumes 
of the pair of liquids. This can be a suitable site of reaction which will add the directionality to the 
growth of the framework4. 
 
2.2.1 Synthesis of PdDT1 
To synthesize PdDT, I employed the same approach similar to the case multilayer stacked nickel 
bis(dithiolene) CONASH or NiDT, which is a liquid-liquid interfacial reaction resulting to a high 
purity and larger domain of layered sheets.  K2PdCl4 and NaBr in an aqueous phase and 
benzenehexathiole (BHT) in an organic phase (dichloromethane) were layered in argon 
atmosphere. NaBr was added to supply counter cation for the anionic form of PdDT, [PdS4]- motif.  
 
Figure 2.2.1 Fabrication of micro-PdDT. Both (a) and (b) illustrate liquid-liquid interfacial 
reaction and photography represent 1 and 2 (red arrow) at the interface, respectively. 
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After letting the two-phase solution standing overnight, a thin lustrous black film was formed at 
the interphase as shown in Figure 2.2.1a. Thickness of the PdDT film is around 2 - 3 µm and the 
film is referred to as PdDT1. The schematic equation is given in eq (i). 
 
 
 
2.2.2 Results and Discussion of PdDT1 
TEM measurement of PdDT1 displays a sheet material with some nm-scale grains (Figure 2.2.2 
a,b). Powder XRD of PdDT1 shows several peaks characteristic of Pd(0) (Figure 2.2.2 c), 
implying that the observed grains are of metallic Pd(0)9. The TEM and XRD data reveal the 
distribution of these grains of metallic Pd in the range of 3-5 nm diameter (Figure 2.2.2 b) which 
can be called as palladium nanoparticles PdNPs. The plausible reaction schemes are shown in 
Figure 2.3.1. This implies that the non-innocent BHT in dichloromethane has less positive 
potential than the Pd2+/Pd0 couple and acts as a reducing agent. 
 
 
Figure 2.2.2 (a) TEM image showing PdDT1 sheet having black particles of Pd(0), (b) distribution 
of PdNPs as observed in (a). (c) Powder XRD data of (a). Observed peaks are corresponding to 
Pd(0) metal. 
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2.3 Liquid-Liquid Interfacial Synthesis of Nanoparticles Free PdDT 
To prevent the formation of PdNPs, I introduced a layer of oxidizing agent, potassium ferricyanide 
(K3[Fe(CN)6]) in the aqueous layer to act as redox buffer which will prevent reduction of Pd2+ to 
Pd(0) as given in eq(ii), before starting the liquid-liquid interfacial reaction as shown in Figure 2.3. 
The amount of K3[Fe(CN)6] strongly affects the film formation; addition of 1 mM K3[Fe(CN)6] 
resulted in a formation of a black nanosheet with metallic luster, whereas 2 mM of K3[Fe(CN)6] 
gave a pale blue material as shown in Figure 2.3. Further addition of K3[Fe(CN)6] formed 
amorphous substance which does not have any sheet like morphology. The reaction condition A 
was found to be have sheet like morphology, so that further characterization was carried out with 
it and the sheet is called as PdDT2. 
 
 
 
 
Figure 2.3 Photograph focusing on the water-dichloromethane interfaces with K3[Fe(CN)6] in the 
aqueous layers. The concentrations of K3[Fe(CN)6] are 1 mM, 5 mM, 10 mM, and 20 mM in A, 
B, C, D, respectively. 
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2.4 TEM and Selected Area Diffraction of PdDT2 
Transmission electron microscopy (TEM) displayed a sheet like morphology of PdDT2 in Figure 
2.4 a. It is noteworthy that Pd(0) nanoparticles were not seen, which proves that K3[Fe(CN6)] acts 
as an oxidizing agent and a redox buffer. In Figure 2.4 b, the edge has a stair like morphology 
which proves that it has a layered structure.  Furthermore, selected area electron diffraction 
(SAED) showed a hexagonal diffraction pattern Figures 2.4 c, implying the skeleton of the 
framework has a hexagonal lattice with the in-plane cell length of 1.5 ± 0.1 nm. Plane indices 
shown in Figure 2.4c is fully consistent with the modelled kagome lattice structure and similar to 
NiDT nanosheets1. 
 
 
Figure 2.4 (a) TEM image of PdDT2, (b) magnified view of (a), and (c) its selected area 
electron diffraction (SAED) pattern. 
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2.5 Infrared (IR) Spectroscopy of PdDT2 
In the IR spectrum of PdDT2 (Figure 2.5), the strong S-H stretching vibration of BHT disappears 
completely. In addition, the broad C–S• stretching peak is observed at 1029 cm–1. Mononuclear 
complex Pd(LBu)2 features three C–S• stretching peaks in the region of 1000-1100 cm–1 at the 0 
oxidation state, whereas they change to a single peak at 1102 cm–1 in the –1 oxidation state1,5–7. 
The observed broad peak at 1029 cm–1 assures that the 0 oxidation state is major in PdDT2.   
 
 
Figure 2.5 IR spectra of BHT compared with PdDT2. 
 
 
 
 
 
 
 
 
40 
 
2.6 X-ray Photoelectron Spectroscopy of PdDT2 
XPS analysis of PdDT2 reveals the existence of each element (S, Pd, K) in Figure 2.6.1 and 
oxidation state of bis(dithiolato)palladium [PdS4]n (n=0, -1) units is reflected in the binding energy 
of the S atom and is found by deconvolution of the S 2s envelope. Three deconvoluted bands 
emerge at 226.2, 227.7, and 232.6 eV for PdDT2 Figure 2.6.2 and Table 2.1 The first two are due 
to the -1 and 0 oxidation states of the [PdS4] motif, respectively, while the broad band at 230.5 and 
232.6 eV are assignable to a ‘‘shake-up’’ peaks12,13, which are often observed in metal 
bis(dithiolene) complexes1,8. 
 
 
Figure 2.6.1 The S 2s (a), Pd 3d (b), K 2P (c) spectra of PdDT2. 
 
Potassium ion is included as counter cation for both the anionic forms of PdDT, 
[bis(dithiolato)palladium(III)]-. Deconvolution of the S 2s peak indicates that the 
[bis(dithiolato)palladium] unit is in the mixed valence state with 0 : –1 = 81 : 19 in PdDT2. We 
note that the valence is highly delocalized in PdDT, such that the oxidation number of the 
palladium bis(dithiolene) unit is uniform, adopting a value of –0.19. High ratio of the 0 oxidation 
state compared to micro-NiDT1 (0 : –1 = 74 : 26) is probably from the effect of the oxidant added 
in the aqueous layer. Additionally, metal bis(dithiolene) complexes have their redox properties 
predominantly on the ligand center5. From these features, PdDT2 is suggested to possess the 
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mixed valence state of 0 and –1 similar to nickelladithiolene nanosheets (micro-NiDt and nano-
NiDt)2- 1. 
 
Figure 2.6.2 Deconvolutions of the S 2s peaks of PdDT2. The yellow and green Gauss curves are 
derived from the palladium bisdithiolene moieties with -1 and 0 oxidation states 1,3-6, respectively. 
The gray one is assigned to the “shake-up” peak, which is often observed in bisdithiolene 
complexes12,13. 
 
 
Table 2.1 Details of Deconvoluted S 2s XP Spectra 
 Band Position (eV)  
 
FWHM (eV) 
 
Area (%) 
 S2s band of 
PdDT2 
1 226.2 2.5 15.0 
2 227.7 3.3 64.9 
3 232.6 3.7 20.1 
 
 
220225230235240 Binding energies / eV
Inte
nsit
y / a
.u.
42 
 
2.7 Cyclic Voltammogram of PdDT1 and PdDT2 
In fact, redox potentials in 0/–1 oxidation states of mononuclear complexes MII(LBu)2 (M = Ni, 
Pd; LBu = 3,5-di-tert-butylbenzene-1,2-dithiolate ligands) are almost the same (–0.23 and –0.22 
V vs ferrocenium/ferrocene)5. These data demonstrate that redox occurs on the ligand, and is nearly 
independent of the central metal ion Ni or Pd. The cyclic voltammograms of PdDT1 and PdDT2 
on HOPG are shown in Figure 2.7. A reversible redox wave was observed at 0.18 V and 0.27 V 
vs Ag+/Ag, which is ascribed to the 0/−1 redox couple of [PdS4] unit1,6. The wave derived from 
the -1/-2 couple was not observed in the available potential window which is common for 
monomeric dithiolene complex5. At high scan rate, both reduction and oxidation waves disappear 
implying that the electron transfer is very sluggish between reduced and oxidized palladium 
bis(dithiolene) motif of oxidation state -1 and 0, respectively. 
 
 
Figure 2.7 Cyclic voltammograms1,6 PdDT1 (a) and PdDT2 (b) on ITO and HOPG, 
respectively, in 0.1 M Bu4NPF6 in dichloromethane. 
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2.8 Single Layer of Palladium Bis(dithiolene) CONASH  
2.8.1 Synthesis by Gas-Liquid Interfacial Reaction of nano-PdDT 
 
 
Figure 2.8.1 Synthesis of nano-PdDT. 
The pristine surface being interesting site for reactions, thinner films can be anticipated via gas-
liquid interfacial reactions. For nanoscience, control in the thickness is very important criteria. As 
explained previously, that the liquid-liquid interfacial reaction do not give control over the 
thickness in nm scale film formation. While spreading measured amount of ligand dissolved in 
ethyl acetate on surface of aqueous solution containing metal ion, the thickness of nanosheet in 
nm level can be controlled by the concentration of the ligand and the time of reaction. 
BHT (30.4 µM) was gently spread to the surface (20.3 cm2) of an aqueous solution of K2PdCl4 (1 
mM). The amount of BHT was restricted, so that it covered 30% - 70% of the aqueous surface 
area. The area covered with BHT was calculated using the space-filling model. After 15 minutes 
of standing time, nano-PdDT was deposited on a clean HOPG substrate by bringing the substrate 
close to the interface in the vertical direction (Langmuir-Schaefer (LS) method). The HOPG was 
then gently immersed in water, followed by ethanol and then ethyl acetate. It was then dried in 
vacuo for 48 hours. The samples for STM measurements were prepared by the same method as 
nano-PdDT but BHT covered 30% of the aqueous surface. 
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2.8.2 Atomic Force Microscopy (AFM) of nano-PdDT 
A 2-D sheet like morphology can be seen under AFM. The structure can be clearly distinguished 
from the bare HOPG substrate in the AFM topographic image. However, small white spots 
ascribed to PdNPs are observed under AFM. I failed to find monolayers in the AFM image, instead, 
few layered nanosheet of 4 nm-10 nm were seen. This is probably due to severe - stacking 
between nanosheets. 
 
 
Figure 2.8.2 AFM image of nano-PdDt. (a) AFM height image of  topography image. (b) its 
cross-sectional analysis in (a). 
 
2.8.3 Scanning Tunnelling Microscopy (STM) of nano-PdDT 
Scanning probe microscopy (SPM) was exploited to determine the structure of atomically thin 
layered nanosheets. Thin sheets of nano-PdDT can be detected by STM as well as AFM 
measurements (Figure 2.8.2). Yet, by STM analysis I observed hexagonal patterns. The periodicity 
in STM image (Figure 2.8.3.1) of the hexagonal patterns (7.75 nm) was too large to be assigned 
directly to the in-plane lattice of nano-PdDT (1.5 ± 0.1 nm from (SAED) for PdDT2) nor for 
HOPG (0.246nm)1. Hence, the hexagonal periodicity observed is a moiré pattern conformed by 
superimposition of two lattices: one is the in-plane of nano-PdDT and the other is derived from 
HOPG resulting the formation of a super lattice with a relative orientation angle of 1.78° (Figure 
2.8.3.2). The same resulting periodicity can be simulated, which confirms that the moiré pattern is 
indeed due to the overlap between HOPG and PdDT CONASH.  
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Figure 2.8.3.1 (a) STM image of single layer nanosheet; Tip bias (Vtip) = -300 mV, (inset) Fast 
Fourier Transform (FFT) of STM image, (b) magnified of area marked in (a). 
 
 
Figure 2.8.3.2 Formation of moiré pattern from two hexagonal periodicity 
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2.9 Experimental Section 
Materials 
K2PdCl4 was purchased from Kanto Chemical Co., Inc. NaBr was received from Wako Pure 
Chemical Industries, Ltd. Dichloromethane and ethyl acetate were distilled from NaH under a 
nitrogen atmosphere, and were stored with molecular sieves (4A, 1/16). Water was purified using 
the Milli-Q purification system (Merck KGaA). Benzenehexathiol (BHT)10 was synthesized 
according to the literature. 
 
Substrate preparations 
HOPG was purchased from Alliance Biosystems, Inc. (Grade SPI-1 10 × 10 × 2 mm) and cleaved 
with adhesive tape just before use. Silicon wafers (P-doped with a concentration of 3 × 1018cm–3) 
with thermally grown 100 nm-thick SiO2 were purchased from Yamanaka Semiconductor, and cut 
into squares (1 × 1 cm). HMDS treatment was carried out in a petri dish. A silicon wafer was 
immersed in an ethanol solution (10 mL) of HMDS (100 L) for 1 day. After annealing at 130 C̊ 
for 2 min, the wafer was rinsed with ethanol and dried in vacuo. 
 
Synthesis of PdDT1 
Under an argon atmosphere, to 1.2–1.5 mg of BHT, degassed dichloromethane (10 mL) was added 
in a N2 purged glass vial with a diameter of 30 mm, to prepare a saturated solution (0.24 mM) 
followed layering with degassed pure water (10 mL) to form a double layer. A degassed aqueous 
solution (10 mL) containing K2PdCl4 (5 mM) and NaBr (1 mM) was added to the water phase. 
After waiting for 1 day, PdDT1 emerged at the interface as a black solid with a metallic luster. 
After the removal of the aqueous and organic phases, sample was washed thoroughly with water, 
ethanol, and dichloromethane, and dried in vacuo at 150C to give lustrous black powder. 
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Synthesis of PdDT2 
Under an argon atmosphere, to 1.2–1.5 mg of BHT, degassed dichloromethane (10 mL) was added 
in a N2 purged glass vial with a diameter of 30 mm, to prepare a saturated solution (0.24 mM) 
followed layering with degassed pure water (10 mL) to form a double layer. A degassed aqueous 
solution (10 mL) containing K3[Fe(CN)6] (1mM) and K2PdCl4 (5 mM) were added to the water 
phase. After waiting for 1 day, PdDT2 emerged at the interface as a black solid with a metallic 
luster. After the removal of the aqueous and organic phases, the sample was washed thoroughly 
with water, ethanol, and dichloromethane, and dried in vacuo at 150C to give lustrous black 
powder. 
 
Characterisation   
The TEM samples were prepared by depositing 1 and 2 on a copper grid, using ethanol suspension. 
IR-ATR spectra were recorded using Jasco FT/IR-6100 at room temperature under vacuum. XPS 
data were obtained using PHI 5000 VersaProbe (ULVAC-PHI, INC.). Al K (15 kV, 25 W) was 
used as the X-ray source, and the beam was focused on a 100-μm2 area. The spectra were analysed 
using MultiPak Software, and data calibrated using the C1s peak at 284.6 eV. SPM measurement 
was carried out using Agilent Technologies 5500 Scanning Probe Microscope, under an ambient 
condition. AFM was performed in the high-amplitude mode (trapping mode), with silicon 
cantilever PPP-NCL (Nano World). Probes for STM were cut from a wire (Pt-Ir alloy, 4:1, 0.25 
mm) and chemically etched in 0.1 M NaOH solution with Pt as the counter electrode, to obtain a 
sharp tip. Electrochemical measurements were recorded using ALS 650DT electrochemical 
analyzer (BAS. Co., Ltd.). A homemade Ag+/Ag reference electrode (0.01 M AgClO4 in 0.1 M 
Bu4NClO4/acetonitrile) and a Pt wire counter electrode were implemented in order to establish a 
three-electrode system. Bu4NPF6, acting as a supporting electrolyte, was recrystallized from EtOH 
and put under vacuum for 24 hours. 
 
  
 
48 
 
2.10 References 
1. Kambe, T., Sakamoto, R., Hoshiko, K., Takada, K., Miyachi, M., Ryu, J. H., Sasaki, S., 
Kim, J., Nakazato, K., Takata, M. & Nishihara, H. -Conjugated nickel bis(dithiolene) 
complex nanosheet. J. Am. Chem. Soc. 135, 2462–2465 (2013). 
2. Kambe, T., Sakamoto, R., Kusamoto, T., Pal, T., Fukui, N., Hoshiko, K., Shimojima, T., 
Wang, Z., Hirahara, T., Ishizaka, K., Hasegawa, S., Liu, F. & Nishihara, H. Redox control 
and high conductivity of nickel bis(dithiolene) complex -nanosheet: A potential organic 
two-dimensional topological insulator. J. Am. Chem. Soc. 136, 14357–14360 (2014). 
3. Cui, J. & Xu, Z. An electroactive porous network from covalent metal-dithiolene links. 
Chem. Commun. 50, 3986–3988 (2014). 
4. Hamoudi, H. Carbon – metal nanosheets from the water – hexane interface. J. Mater. Chem. 
C 3, 3636–3644 (2015). 
5. Ray, K., Weyhermuller, T., Neese, F. & Wieghardt, K. Electronic structure of square planar 
bis(benzene-1,2-dithiolato)metal complexes [M(L)2]z (z = 2-, 1-, 0; M = Ni, Pd, Pt, Cu, Au): 
an experimental, density functional, and correlated ab initio study. Inorg. Chem. 44, 5345–
5360 (2005). 
6. Matsuoka, R., Sakamoto, R., Kambe, T., Takada, K., Kusamoto, T. & Nishihara, H. Ordered 
alignment of a one-dimensional π-conjugated nickel bis(dithiolene) complex polymer 
produced via interfacial reactions. Chem. Commun. 50, 8137–8139 (2014). 
7. Liu, B., Qiao, W. & Wang, Z. Y. Colorless metallodithiolene oligomers and polymers with 
intense near- and mid-infrared absorption. RSC Adv. 5, 6815–6822 (2015). 
8. Sellmann, D., Binder, H., Häußinger, D., Heinemann, F. W. & Sutter, J. Transition metal 
complexes with sulfur ligands Part CXLIV. Square planar nickel complexes with NiS4 cores 
in three different oxidation states: Synthesis, X-ray structural and spectroscopic studies. 
Inorganica Chim. Acta 300-302, 829–836 (2000). 
9. Haynes, W. M., Lide, D. R., Bruno, T. J. CRC Handbook of Chemistry and Physics, CRC 
Press, 95th Edition, 12-17 (2014).   
49 
 
10. Harnisch, J. A. & Angelici, R. J. Gold and platinum benzenehexathiolate complexes as large 
templates for the synthesis of 12-coordinate polyphosphine macrocycles. Inorganica Chim. 
Acta 300-302, 273–279 (2000). 
11. Faust, T. B., Usov, P. M., D’Alessandro, D. M. & Kepert, C. J. Highly unusual 
interpenetration isomers of electroactive nickel bis(dithiolene) coordination frameworks. 
Chem. Commun. 50, 12772–4 (2014).  
12. Liu, S.-G., Liu, Y.-Q. & Zhu, D.-B. Preparation and spectral properties of new molecular 
conductors based on anion salt. Synth. Met. 89, 187–191 (1997). 
13. Zhou, S., Ichimura, K. & Inokuchi, H. X-Ray photoelectron spectroscopy characteristics of 
a novel organic semiconductor BTQBT and its derivatives. J. Mater. Chem. 5, 1725 (1995). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
50 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
51 
 
 
 
 
 
 
 
 
Chapter 6 
Concluding Remarks and Future Prospective 
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The thesis begins with quantum confinement and its importance regarding the availability of the 
discrete energy levels that of the bulk energy bands. Having said that, 2-D materials have gained 
much attention because of it is tunable energy distribution by several routine methods for the 
required achievable practical applications. I have classified the 2-D layered materials according to 
its composition and discussed briefly about their present attainable research. But depending on the 
above classified forms of 2-D layered materials, there is a lack of use of entire periodic table as a 
result, most of the top-down and bottom-up approaches have their own limitations at the point of 
element selection, corresponding reactivity and stability of such materials. The other considerable 
easy approach is discussed in the first Chapter as exploitation of coordination Chemistry. Few of 
such interesting reports are briefly discussed along with the importance of surface reactions. Later 
at the end of the Chapter, I briefly formulate the pros and the cons of using the benzene hexathiol 
(BHT) ligand as a coordinating ligand with late transition metals of Group 10 as my research plan. 
 
In Chapter 2, interfacial reaction between the Pd-metal solution and ligand was conducted resulting 
into formation of coordination nanosheet with simultaneous formation of metallic palladium. The 
pure sheets are obtained by addition of oxidizing agent, hexacyanoiron (III) salts, which act as a 
redox buffer inhibiting the formation of metallic palladium from its corresponding Pd2+ salt 
precursor. In this case the reduction potential of BHT is not altered. Stacked and few layer sheet 
are characterized with the help of different microscopy, X-ray photoelectron (XP) and IR 
spectroscopies technique. The nanosheet is mixed valent of 0 and -1 and is confirmed by XP 
spectroscopy and cyclic voltammetry. Hence, Chapter 2 shows the successful formation of the 2-
D layered palladium bis(dithiolene) coordination nanosheets. 
 
Hence, these studies pave a synthetic procedure to be used for thiol based ligands with late 
transition metals having high positive reduction potential, thereby integrating interesting ligand 
design to explore new physical properties in near future. 
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